Arthrogryposis, renal dysfunction and cholestasis syndrome (ARC) is a multisystem disorder associated with abnormalities in polarized liver and kidney cells. Mutations in VPS33B account for most cases of ARC. We identified mutations in VIPAR (also called C14ORF133) in individuals with ARC without VPS33B defects. We show that VIPAR forms a functional complex with VPS33B that interacts with RAB11A. Knockdown of vipar in zebrafish resulted in biliary excretion and E-cadherin defects similar to those in individuals with ARC. Vipar- and Vps33b-deficient mouse inner medullary collecting duct (mIMDC-3) cells expressed membrane proteins abnormally and had structural and functional tight junction defects. Abnormal Ceacam5 expression was due to mis-sorting toward lysosomal degradation, but reduced E-cadherin levels were associated with transcriptional downregulation. The VPS33B-VIPAR complex thus has diverse functions in the pathways regulating apical-basolateral polarity in the liver and kidney.
Generation of distinct apical and basolateral plasma membrane domains is essential for various epithelial functions, including lumen formation [1] [2] [3] . Cohesive epithelial layers act as physical ion-selective barriers. This barrier function is highly dependent on the integrity of apical junctional complexes (AJCs), comprising tight junctions and adherens junctions, that link adjacent epithelial cells 4, 5 . Generation of AJCs is one of the steps in a complex mechanism of cell polarization that is dependent on multiple regulatory pathways 6 . Better insight into these pathways is essential for understanding the development and physiology of the many organs that rely on intact cell polarity for their function. Investigation of the molecular pathology of human diseases can shed new light on the intracellular pathways in mammalian cells, and many common disorders are associated with defects in apical-basolateral polarity [7] [8] [9] [10] .
ARC (MIM208085) is a severe autosomal recessive multisystem disorder that affects the development and function of several organs, particularly the liver and kidneys. Germline mutations in VPS33B are found in approximately 75% of individuals with ARC 11 . VPS33B encodes VPS33B, the homolog of yeast class C vacuolar protein sorting (vps) protein Vps33p, from the Sec1-Munc18 family of proteins regulating SNARE-mediated membrane fusion. Class C vps proteins participate in at least two multiprotein complexes, class C core vacuole/endosome tethering (CORVET) and homotypic fusion and vacuole protein sorting (HOPS), which interact with yeast orthologs of Rab5 and Rab7 GTPases and are crucial for several steps in vesicular trafficking pathways [12] [13] [14] [15] . Recent studies suggested that mammalian homologs of the yeast constituents of HOPS can be localized to early and late endosomes and lysosomes and regulate a number of intracellular processes [16] [17] [18] . Whereas the Vps33a homolog of yeast Vps33p forms part of the mammalian HOPS complex, the pathway involving Vps33b remains unknown, although interaction with other class C vps protein homologs has been proposed 16, 19, 20 . To elucidate the molecular basis of ARC and gain insights into the role of VPS33B Mutations in VIPAR cause an arthrogryposis, renal dysfunction and cholestasis syndrome phenotype with defects in epithelial polarization A r t i c l e s in epithelial function, we investigated individuals with ARC and characterized cellular and zebrafish models of the disease.
We identified mutations in C14orf133 (here named VIPAR), which encodes the VPS33B-interacting protein VIPAR (VPS33B-interacting protein involved in polarity and apical protein restriction) in individuals with an ARC phenotype. Our data suggest that VPS33B and VIPAR function as part of a complex that interacts with an active form of RAB11A involved in apical membrane protein sorting. Rab11a also regulates adherens junction expression of E-cadherin in Drosophila and polarized-cell models 21, 22 . We found abnormal expression of E-cadherin and the apical membrane protein CEACAM5 (carcinoembryonic antigen; CEA, CD66e) in liver samples from individuals with ARC and in mouse inner medullary collecting duct (mIMCD-3) cells with stable knockdown of Vps33b and Vipar. Although missorting of Ceacam5 into the lysosomal degradation pathway underlies reduced levels of endogenous Ceacam5, low E-cadherin levels were associated with E-cadherin transcriptional downregulation.
We suggest that the VPS33B-VIPAR complex is involved in stabilization of apical membrane protein content, possibly via the RAB11A-dependent apical recycling pathway, and in transcriptional regulation of E-cadherin, either directly or indirectly. Consequences of disordered apical protein restriction in ARC include mis-sorting of some apical proteins to basolateral membrane and into late endosomes and lysosomes, resulting in cholestasis and in urinary wasting of sugars and amino acids. Reduced expression of E-cadherin underlies disordered formation of the AJCs essential for generation and maintenance of lumenal structures such as bile ducts and renal tubules.
RESULTS

Mutations in VIPAR cause the ARC phenotype
To gain insight into VPS33B function and to identify new genes involved in ARC pathogenesis, we performed a yeast two-hybrid screen for VPS33B-interacting proteins. Human fetal brain and adult kidney cDNA libraries yielded 18 candidates prioritized by bioinformatic analyses of homology and putative function. A protein encoded by C14ORF133, here named VIPAR, received highest priority. A peptidesequence BLAST search revealed similarity to VPS16 and a golgin A5 domain occupying most of the protein (amino acid residues 12-493). ClustalW alignment showed 15% identity between VPS16 and VIPAR. Individual VPS16 N-and C-terminal-domain alignments found proportionate identities of 5% and 16%, respectively ( Supplementary  Fig. 1 ). Bioinformatic analysis of the VIPAR sequence using Pfam and SMART databases found only the C-terminal VPS16 domain. Two splice variants (one bypassing exon 16) were identified, resulting in proteins 493 and 480 amino acid residues long. The larger transcript (predicted unglycosylated weight 57 kDa) was the reference sequence for DNA and protein.
Next, we used transfections of epitope-tagged constructs to confirm yeast two-hybrid data (Fig. 1a) . Coimmunoprecipitation identified interaction between overexpressed VPS33B and VIPAR (and between endogenous VPS33B and overexpressed VIPAR; Fig. 1b ) similar to findings recently reported elsewhere 20 ; no significant coimmunoprecipitation was found between VPS33B and the HOPS protein VPS16 or between VIPAR and the HOPS protein VPS33A (Fig. 1a,b) . When individually overexpressed in cells from the HEK293 line, VIPAR and VPS33B showed generalized cytoplasmic distribution ( Fig. 1c and  Supplementary Movie 1) . However, overexpression of both proteins together led to their colocalization in clusters consistent with formation of VPS33B-VIPAR complexes at cytoplasmic organelles (Fig. 1d) . No such colocalization was observed when VIPAR was overexpressed with VPS33A ( Fig. 1d) . These results collectively demonstrated the specificity of the VPS33B-VIPAR interaction.
To investigate whether the VIPAR locus was directly involved in ARC pathogenesis, we analyzed DNA from consanguineous families affected by ARC without detectable mutations in VPS33B or disease linkage to the VPS33B locus. A genome-wide linkage screen using 10K and 250K Affymetrix SNP microarrays in four unrelated probands of consanguineous parentage identified homozygosity at the VIPAR locus in three probands from Turkish and Israeli Arab backgrounds ( Table 1) . Prompted by these findings, we sequenced the VIPAR coding exons and flanking intronic sequence in all available unrelated 
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VPS33B mutation-negative cases (n = 7) with the classical ARC phenotype and detected a total of eight mutations (six nonsense, one frameshift and one missense, changing the start ATG codon to AGG; Table 1 ). We verified mutations by segregation with disease status within families and by screening of at least 200 chromosomes from ethnically matched controls for each mutation. All mutations were predicted to eliminate normal protein production because of early message termination and nonsense-mediated mRNA decay or because of translation failure (as with the first-codon mutation). The severity of the phenotypes associated with specific VIPAR mutations correlates well with data regarding VPS33B in that only one (T89C; L30P) of 31 VPS33B-proven pathogenic mutations detected so far in ARC is a missense mutation. No tested tissues from classical ARC cases with VPS33B mutations had any detectable VPS33B protein on protein blotting 11 . Mutations in VIPAR accounted for all cases of classical ARC in whom mutations in and linkage to VPS33B were excluded. We detected no differences in clinical symptoms, signs or disease course between subjects in VPS33B-and VIPAR-mutated ARC subsets.
Liver phenotype in ARC and zebrafish vipar knockdown larvae
Nonobstructive jaundice is characteristic of ARC liver disease. As shown on radionuclide imaging of ARC-derived samples, labeled compounds normally secreted into bile do not enter the duodenum despite biliary tract patency, reflecting absent or severely reduced intrahepatic bile flow; in addition, peripheral biliary radicles are hypoplastic. Histopathologic features comprise intrahepatocyte pigment accumulation, including lipofuscin (lysosomal degradation products) and hepatocyte giant-cell transformation 23, 24 . Because some apical membrane proteins in ARC liver samples are abnormally localized, VPS33B has been proposed to be involved in trafficking of apical membrane transporters 25, 26 . We used liver biopsy specimens to investigate expression of several membrane proteins that traverse different apical sorting pathways. First, we confirmed that CEACAM5, mislocalized in individuals with VPS33B mutations, was also mislocalized in individuals with VIPAR deficiency ( Supplementary  Fig. 2) . Members of the CEACAM are glycosylphosphoinositol (GPI)-anchored proteins that undergo both N-and O-glycosylation; both modifications contribute targeting signals for apical sorting 27 . The bile salt export pump (BSEP) is an apical membrane ATP-binding cassette transporter protein with multiple transmembrane domains. It is sorted to the apical membrane of hepatocytes from the trans-Golgi network (TGN) via RAB11A-positive apical recycling endosomes 28 . Mis-sorting of some BSEP to the basolateral hepatocyte membrane was seen in the livers of individuals with ARC ( Supplementary  Fig. 2a) . We saw no change in localization (Supplementary Fig. 2a) of another multiple-transmembrane domain transporter, MRP2 (multiple drug resistance-associated protein 2), that is known to be sorted directly to the apical membrane and bypass apical recycling endosomes 29, 30 . Basolateral proteins were shown immunohistochemically to be normally localized in ARC liver samples. We investigated expression of the adherens junction protein E-cadherin, which is crucial for AJC formation 31, 32 . E-cadherin, which is dependent on complexed calcium for normal function, is a cell-adhesion molecule with a functional extracellular domain that forms a part of the adherens junction adhesive belt. Immunohistochemically detectable E-cadherin was decreased in the adherens junctions of ARC-affected livers as compared to controls. We also saw cytoplasmic staining for E-cadherin; however, we did not detect mislocalization at apical membranes (Fig. 2a) .
Morpholino knockdown of the zebrafish vps33b ortholog resulted in abnormal biliary tract development, with reduced numbers of terminal branches of intrahepatic bile ducts and reduced excretion of bile into the gallbladder as gauged by labeling with the fluorescent compound PED6. These changes were consistent with the hepatobiliary defects identified in cases of ARC 33 . We tested whether the VIPAR zebrafish ortholog is also involved in biliary development and function. Tissue expression of zebrafish vipar was comparable to that of vps33b and was substantial in the liver and proximal intestine (Fig. 2b) . We evaluated biliary excretion using PED6 in zebrafish larvae subjected to morpholino knockdown of the VIPAR ortholog si:ch211-20b12.1 (vipar) 34 . Following vipar knockdown, we saw substantial dose-dependent reductions in the volume of PED6 within the gallbladder as compared to controls (Fig. 2c) . We obtained this result using two independent morpholinos (targeting the ATG and exon 3 splice site), and the phenotype was rescued with wild-type vipar mRNA (Fig. 2d) . In addition, keratin immunostaining patterns 5 d after fertilization in vipar morpholino-injected larvae were abnormal (as was the case in vps33b morphants 33 ). The images we obtained were consistent with abnormal development of terminal biliary ductules, as was seen in cases of ARC (Supplementary Fig. 3 ). Because AJC expression of E-cadherin, which is essential for lumenal development in epithelial organs, was decreased in ARC liver samples, we immunohistochemically studied E-cadherin expression in liver from zebrafish with morpholino vipar knockdown. Amounts of E-cadherin in the cell membrane were markedly decreased in knockdown larvae, suggesting that the vipar-vps33b complex is involved in regulation of E-cadherin expression during zebrafish development (Fig. 2e) .
Vps33b or Vipar knockdown causes epithelial polarization defects
To further investigate the molecular mechanisms affected by ARC using polarized epithelial cell models, we developed clones of mIMCD-3 cells stably transfected with silencing short hairpin (sh) RNAs for Vps33b or Vipar. We achieved a 92% knockdown (detected by protein blot analysis) for Vps33b (Vps33b-shRNA) and a 90% knockdown (detected by quantitative real-time PCR) for Vipar (Vipar-shRNA, Supplementary Fig. 4 ). We tested expression of apical membrane proteins by immunofluorescence confocal microscopy and immunoblotting. The available antibody to mouse Ceacam5 was suitable only for protein blotting; accordingly, we used cell-surface biotinylation to analyze membrane expression of endogenous Ceacam5. The 180-kDa Ceacam5 band present in the membrane fraction of control cells was not detectable in either membrane fraction or whole-cell lysate of knockdown cells (Fig. 3a) . Specific apical localization in mIMCD-3 cells of stably transfected P75 neurotrophin receptor protein, a single transmembrane domain protein that undergoes O-glycosylation 35 , was also altered, with distribution throughout cell membranes in Nucleotides are numbered from the A of the ATG initiation codon. None of these mutations was identified in >200 chromosomes from healthy ethnically matched controls. The size of the homozygous region identified in the VIPAR locus is given for subjects who underwent genome-wide scans. Del, deletion; fs, frameshift; X, stop; hom, homozygous; het, heterozygous. a Size in Mb. b Used for genome-wide scan.
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both cells treated with Vipar-shRNA and cells treated with Vps33b-shRNA ( Fig. 3b) . Correct basolateral distribution of Na + -K + ATPase was maintained in knockdown cells (Fig. 3b) . Trans-epithelial resistance (TER) experiments tested whether monolayers of mIMCD3 cells treated with Vipar-shRNA or Vps33b-shRNA generated a barrier to ion movement (Fig. 3c) . The maximum achieved TER was substantially lower in both knockdown cell lines than in control cells(50%, Vipar-shRNA treatment; 75%, Vps33b-shRNA treatment), suggesting a defect in tight junctions. As functioning tight junctions are essential to control paracellular flux of macromolecules, we used fluorescently labeled small (4 kDa) and large (70 kDa) dextran assays 36 to test whether Vps33b or Vipar deficiency led to abnormal barrier function within mIMCD-3 cell monolayers. Cells treated with either Vipar shRNA or Vps33B shRNA let more than twice as much small dextran through the monolayer as did control cells. No such substantial change was detected for large dextran (data not shown). The formation of tight junctions requires calcium; therefore, to show that changes caused in cell layer permeability and polarity were analogous to physical disruption of tight junctions, we performed TER and dextran experiments in cells grown in a low-calcium medium ('calcium switch') 37 . After control mIMCD-3 cells were cultured in low-calcium medium for 24 h, TER and dextran permeability values approximated those for Vipar-shRNA-and Vps33B-shRNA-treated cells. Both TER and permeability returned to control-cell values after reintroduction of a normal-calcium medium (Fig. 3d) .
We used freeze-fracture electron microscopy to assess the three-dimensional configuration of tight junctions in knockdown mIMCD-3 cells (Fig. 4a) . Splitting of the layers of frozen cell membranes yielded two half-membrane leaflets whose faces were then metalreplicated and visualized by transmission electron microscopy. The leaflet adjacent to the extracellular space as observed from inside the cell is conventionally the exoplasmic face or 'E-face'; the leaflet adjacent to the cytoplasm as observed from outside the cell is the protoplasmic face or 'P-face' 38 . Compared with controls, tight junctions in both Vipar-shRNA-and Vps33b-shRNA-treated cells showed reduced complexity, disturbed P-face association and an increase of particlefree pores, corresponding to overall tight junction disruption. These findings were consistent with results of TER and dextran-flux studies of tight junction function.
Some AJC proteins were abnormally expressed. Immunohistologic patterns of claudin-1 staining were disordered in knockdown mIMCD-3 cells, with reduced expression at tight junctions and some cytoplasmic marking (Fig. 4b) . The same degree of abnormality was not detected on immunostaining for zo-1, which is normally confined to the cytoplasmic surface of tight junctions, responsible for linking the AJC proteins to the actin cytoskeleton (Fig. 4b) . Claudin-1, one of a large family of tight junction-forming proteins, has four transmembrane domains and normally colocalizes with zo-1. As its extracellular portion forms an integral part of tight junction strands, Claudin-1 is a key regulator of paracellular permeability. Deficiency of claudin-1 results in a severe autosomal recessive disorder, neonatal ichthyosis-sclerosing cholangitis syndrome, that shares with ARC the features of cholestasis and ichthyosis 39, 40 .
E-cadherin adherens junction expression was markedly decreased in Vipar-shRNA-and Vps33b-shRNA-treated mIMCD-3 cells (Fig. 4b) . Immunoblotting for AJC proteins revealed substantial quantitative decreases in E-cadherin and in claudin-1 compared with control cells (Fig. 4c) . However, decreases were not seen for zo-1 or for the adherens junction protein β-catenin. In addition, abnormalities appeared in Vps33b-shRNA-and Vipar-shRNA-treated cells cultured on Transwell supports. The knockdown cells formed multilayered structures instead of well-defined monolayers and became flattened rather than columnar (Fig. 5) . Wild-type mIMCD-3 cells formed cavities after 5 d of culture on Transwell supports and organized into tubules after 72 h of growth in collagen gels 41 . Ability to form lumenal structures was lost in cells treated with Vipar-shRNA or Vps33b-shRNA; neither cavity formation nor tubular organization occurred ( Fig. 5a-c) . As loss of epithelial polarization and of functional AJCs is associated with epithelial-mesenchymal transition, we expected loss of cell-cell interaction and of contact inhibition in cells with reduced expression of E-cadherin and AJC defects 42 . Indeed, proliferation was significantly increased in cells treated with ViparshRNA or Vps33b-shRNA (Fig. 5d) .
The Vps33b-Vipar complex interacts with Rab11a
Fluorescence confocal microscopy identified intracellular sites of Vps33b-Vipar complexes. These did not substanitally colocalize (Supplementary Figs. 5 and 6) with either early or late endosomal and lysosomal markers, the Golgi apparatus or the transferrin receptor (a marker of basolateral recycling endosomes). Vps33b-Vipar complexes colocalized with Rab11a in HEK293 and mIMCD-3 cells (Fig. 6a,b) as well as, albeit to a lesser extent, with Rab4a ( Supplementary Fig. 5 ).
When overexpressed together in mIMCD-3 cells, Vipar and Vps33b immunoprecipitated with transfected Rab11a (Fig. 6c) ; however, this was not the case for either protein when transfected individually. Endogenous Vps33b and Rab11a also interacted (Fig. 6c) . No interaction could be shown between Vps33b with GDP-locked Rab11a (dominant negative Rab11a (DN-Rab11a)), which lacks GTPase activity. This finding suggests that the VPS33B-VIPAR complex may act as a rab effector. A similar function has been ascribed to the HOPS complex through interaction of Vps41 with the functionally active form of the Rab7 yeast homolog Ypt7 
A r t i c l e s in the Rab11a pathway, abnormalities of E-cadherin expression and TER (like those in Vps33b-Vipar deficiency) developed in mIMCD-3 cells transfected with a DN-Rab11a construct (Figs. 3c and 4a).
As all the VIPAR mutations we found were expected to eliminate VIPAR expression entirely, we evaluated interactions between VIPAR and a VPS33B-L30P mutant protein (mimicking the results predicted for the only known pathogenic missense mutation identified in VPS33B). The VPS33B-L30P mutant did not co-accumulate with VIPAR at cytoplasmic organelles; instead, both proteins were present throughout the cytoplasm (Fig. 1c) . Although VPS33B-L30P coimmunoprecipitated with VIPAR, no interaction with RAB11A was identified (Fig. 6d) . These results suggest, as a whole, that VPS33B-VIPAR complex interaction with RAB11A is functionally important and that loss of this interaction contributes to the pathogenesis of ARC.
We used pulse-chase experiments using transfected constructs of basolaterally targeted vesicular stomatitis virus glycoprotein tagged with yellow fluorescent protein (VSVG-YFP) and of an apically targeted mutant tagged with cyan fluorescent protein (A-VSVG-CFP), as well as wild-type E-cadherin, to investigate whether the Vps33b-Vipar complex was involved in post-Golgi trafficking of newly synthesized membrane proteins in wild-type and knockdown mIMCD-3 cells. We saw normal post-Golgi traffic to the cell membrane for all transfected proteins in both knockdown and wild-type cells 44 ( Fig. 7a,b, Supplementary Fig. 7 and Supplementary Movie 2) . Similarly, membrane expression of P75 was normal as seen by membrane-protein biotinylation assay in wild-type and knockdown pre-polarized mIMCD-3 cells stably expressing mCherry-P75, and Myc-VIPAR was necessary for interaction with GFP-RAB11A to occur. Quantification of immunoprecipitation revealed that 6.7% (for HA; IP α HA) and 7.9% (for Myc; IP α Myc) of the RAB11A input was recovered. When GFP-tagged dominant negative (DN) RAB11A was used, no interaction between the VPS33B-VIPAR complex and GDP-locked dominant negative RAB11A could be seen.
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suggesting normal post-Golgi trafficking of P75. However, when protein synthesis was stopped using cycloheximide, the membrane content of mCherry-P75 rapidly fell in Vps33b-and Vipar-deficient cells, becoming undetectable after 4 h (Fig. 7c) . To investigate further the causes for abnormal expression of endogenous proteins, we exposed cells treated with Vps33b-shRNA or Vipar-shRNA to inhibitors of protein degradation. This resulted in recovery of Ceacam5 expression after 24 h treatment with leupeptin, a specific lysosomal degradation inhibitor (Fig. 7d) . Knockdown cells immunostained more extensively for lysosome-associated membrane protein-1, which is consistent with an increased number or size of late endosomes and lysosomes and accumulation of degradation products (Fig. 7e) . Neither leupeptin nor mg132 (a proteasomal degradation inhibitor) affected cell E-cadherin concentrations (data not shown). Although E-cadherin concentrations fell, knockdown cells showed no reduction in half-life of endogenous E-cadherin compared to wild-type cells (Supplementary Fig. 8 ). No reduction in Rab11a concentration was detected in knockdown mIMCD-3 cells (Fig. 4c) . Using quantitative real-time PCR and luciferase reporter assays of E-cadherin promoter activation, we investigated transcriptional regulation of E-cadherin expression in knockdown and wild-type mIMCD-3 cells. Knockdown cell mRNA levels were substantially reduced (<5% of wild-type controls), with a 60-80% reduction in promoter activation (Fig. 7f) .
DISCUSSION
We identified mutations of VIPAR in individuals with ARC by combining functional and genetic approaches. VIPAR contains a golgin A5 domain and is weakly homologous to the HOPS complex protein VPS16. Golgins interact with members of the rab family of small GTPases via their coiled-coil motif 45 , are involved in tethering membranes in intracellular trafficking steps and can link vesicles to the cytoskeleton. Our results suggest that VIPAR, with VPS33B, forms a complex that interacts with RAB11A. RAB11A, primarily known for its role in the apical recycling pathway, is also associated with other steps in vesicle transport, including traffic from early endosomes to the TGN and secretion via recycling endosomes [46] [47] [48] . These diverse functions for RAB11A are thought to depend on RAB11A effectors and to vary with cell type 49 . 
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Immunostaining of apical membrane proteins in the livers of individuals with ARC showed mislocalization of a bile salt transporter, BSEP, and of an adhesion molecule, CEACAM5, whereas another apical membrane transporter, MRP2, maintained correct localization. The differences in immunolocalization between the canalicular transporters BSEP and MRP2 are noteworthy. Although MRP2 apical trafficking is not completely understood, MRP2 and BSEP canalicular sorting pathways clearly differ. Unlike BSEP, MRP2 contains a PDZ domain (required for membrane retention and/or targeting) 50 . Apical sorting motifs typically lie in the extracellular domains of proteins or in transmembrane domains. Sorting signals include N-and O-linked oligosaccharides, GPI anchors and transmembrane domains. TGN and recycling endosomes are considered the major sortingsignal recognition sites for both endocytosed and newly synthesized proteins 51 . Although trafficking mechanisms in simple epithelia such as the Madin-Darby canine kidney (MDCK) renal tubular cell model are well characterized, pathways in hepatocytes are less clear, partly because of practical difficulties with polarized hepatocyte cell models [52] [53] [54] [55] . Differences among trafficking routes in different cell types are likely substantial, precluding extrapolation from one cell model to another 56 . CEACAM5 is a GPI-anchored adhesion molecule, with seven immunoglobulin-like domains, that undergoes N-glycosylation. How CEACAM5 traverses hepatocytes and renal tubular cells is unknown, but CEACAM5 is bound to galectin3, a molecule thought to be an apical sorting receptor for glycosylated proteins 57, 58 . CEA-family proteins are involved in immune regulation, host-pathogen interaction and cell-cell contact mediation. They are internalized, with recycling to the membrane (as they fulfill these functions) and are candidates for various roles in carcinogenesis 59 .
In cells treated with Vipar-shRNA or Vps33b-shRNA, we did not detect abnormal post-Golgi trafficking of newly synthesized apically targeted A-VSVG or P75, which is thought to be sorted to the apical membrane via recycling endosomes 60 . However, after 4 h of culture in the absence of protein synthesis, no membrane-associated P75 could be detected in the Vipar-and Vps33b-deficient cell lines, suggesting a defect in membrane protein stability and/or recycling. Furthermore, in polarized mIMCD3 cells, transfected P75 was missorted to the basolateral membrane and normally sorted to apical membrane domains. These findings may imply correct initial protein delivery to apical membranes with mis-sorting during recycling. As reduced expression of endogenous CEACAM5 in knockdown cells recovered on treatment with an inhibitor of lysosomal degradation, apical membrane proteins that traverse apical recycling endosomes can be inferred to require VPS33B-VIPAR for RAB11A-dependent endocytic recycling. In VPS33B or VIPAR deficiency, these proteins may instead be directed into common recycling endosomes, a step leading to basolateral as well as apical membrane distribution and to mis-sorting to late endosomes and lysosomes, where protein degradation occurs. This effect of VPS33B-VIPAR deficiency in liver and kidney cells is consistent with the increased degradation and mis-sorting of langerin identified in pancreatic Langerhans cells with RAB11A dysfunction 61 .
AJC expression of an adherens junction protein, E-cadherin, was decreased in livers from individuals with ARC and morpholinotreated zebrafish. The features of knockdown cell lines indicated disturbed apical basolateral polarity, including structural and functional abnormalities of tight junctions, reduced AJC expression of claudin-1 and E-cadherin, loss of contact inhibition and failure of knockdown cells to form tubular structures when grown in gels. Low levels of E-cadherin protein expression were associated with transcriptional downregulation. The generation and maintenance of epithelial tissue polarization is regulated by complex mechanisms involving many molecular interactions. These include interactions of cellular receptors with the extracellular matrix, interaction with neighboring cells via cadherin family proteins and the sensing of various diffusible factors [62] [63] [64] . In combination, these signals stimulate cells to assemble into groups and to orient themselves 6 . Major intracellular events associated with polarization include asymmetric orientation of polarity complexes with simultaneous reorganization of the cytoskeleton and of membrane trafficking systems 6, 53, 65 . Rab11a and recycling endosomes have been implicated in the regulation of E-cadherin expression in polarized cell models and during organogenesis in model organisms, although the links between Rab11a and E-cadherin adherens junction expression are not fully characterized 22, 66, 67 . Further work is required to understand the relationships between Rab11a and various molecules (adherens junction and polarity complexes, the cytoskeleton, the extracellular matrix, other vesicular trafficking components, micro-RNA mir-200 and the transcription factors Snail and Zeb) implicated in polarization 6 . Our finding of transcriptional downregulation of E-cadherin in Vps33b-Vipar complex deficiency suggests that this complex may also be involved in the Rab11a-dependent regulation of E-cadherin expression and in the development and/or maintenance of lumenal structures. The defects identified here are consistent with the intrahepatic bile duct hypoplasia and the renal defects found in ARC 23 . That morpholino vipar and vps33b knockdown in zebrafish generated biliary abnormalities similar to those in individuals with ARC also suggests that vipar-vps33b complex function is conserved in vertebrates.
The discovery of pathogenic mutations in VIPAR in individuals with ARC from different ethnic backgrounds provides insight into the pathophysiology of human diseases. The importance of the Rab11a pathway, with its interacting protein myosin Vb, has recently been shown in such diverse cellular functions as brain postsynaptic plasticity and small-intestinal absorption [68] [69] [70] . Abnormal expression of E-cadherin and defective epithelial polarization in mIMCD-3 cells with Vps33b and Vipar knockdown link the human VPS33B-VIPAR complex to common diseases such as cancer, as inactivation of human CDH1 (encoding E-cadherin) is strongly associated with epithelial-mesenchymal transformation, tumorigenesis and increased cancer invasiveness [71] [72] [73] . Our findings advance knowledge of the molecular pathways determining cell polarity and provide new evidence on the role of intracellular trafficking proteins in regulation of epithelial polarization. Further, the fundamental defects in growth and differentiation of epithelial tissues observed in ARC and in knockdown cell lines emphasize the importance of the VPS33B-VIPAR pathway for organ development and function.
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Accession numbers. RefSeq, NM_001001836.
Note: Supplementary information is available on the Nature Genetics website. Immunofluorescence confocal microscopy. HEK293 cells were grown on glass coverslips transfected as above with 24-h recovery before fixation (4% paraformaldehyde in PBS) and permeabilization (0.1% Triton X-100 in PBS). Transwell supports containing mIMCD-3 cells were prepared as above, except for immunolabeling for all tight junction and adherens junction proteins, which required ice-cold methanol fixation and 0.1% saponin permeabilization. Microscopic images were captured using an inverted Leica TCS SP2 AOBS confocal microscope with a ×10 dry objective (N/A 0.4) and a ×63 oil immersion objective (N/A 1.4); the pinhole was set to 1 Airy unit. A series of optical sections were collected from xy plane and merged into maximum projection images. Single xz plane images were also obtained where necessary. Colocalization was assessed on single optical planes by a scatter plot using Leica software 78 .
Affected individuals and families. DNA was used from individuals with phenotypically classical ARC in whom mutations in VPS33B could not be found. Informed consent was obtained from all participating families; research ethics committees from all participating institutions approved the study. DNA was extracted from blood samples using standard protocols.
Genome-wide scan and mutation screening. DNA from four individuals with ARC in different consanguineous families was used for a genome-wide scan using 250K (three individuals) and 10K (one individual) SNP chip microarrays (Affymetrix). Primers were designed from the genomic sequence to flank all coding exons of VIPAR, and direct sequencing was carried out using the dideoxy termination method (ABI BigDye v 3.0) on an ABI 3730 DNA sequencer (Applied Biosystems). Results were analyzed using Chromas v 2.23 software (Technelysium). All mutations were verified bidirectionally. None of the mutations found was present in >200 ethnically matched control chromosomes.
Zebrafish experiments. The zebrafish AB strain was used for all experiments. In situ hybridization was carried out as previously described 79 . Full-length digoxigenin (DIG)-labeled antisense and sense (control) RNA probes were made from 1 µg of linearized pCS2+vipar vector, using Sp6 and T7 RNA polymerases, respectively, from the DIG Labeled RNA Probe Synthesis Kit (Roche) according to manufacturer's instructions. The optimal hybridization temperature was 65 °C. Alkaline phosphatase-conjugated rabbit anti-DIG was from Roche. Staining was visualized on a binocular SMZ800 microscope with a ×6.3 objective and captured with a DXM200 CCD camera controlled by ACT-1 (version 2.7) software (Nikon). Morpholino oligonucleotides against the transcription initiation codon (ATG) and the splice site for exon 3 of vipar (sequences shown in Supplementary Table 1) were designed and purchased from Gene Tools. Vipar and red fluorescent protein (RFP) mRNA were produced using T7 RNA polymerase from the Ambion MessageAmp mRNA amplification kit per manufacturer's protocol, with linearized pCS2+-vipar and pCS2+-RFP vectors as templates. The ATG, exon 3 and exon 3 mismatch morpholinos were injected into one-cell embryos in injection solution at concentrations of 10, 100 and 100 µM, respectively. When necessary, vipar and RFP mRNAs were also injected to rescue the phenotype or as a control for the mRNA injection. Liver-function and bile duct assays using the phospholipid reporter PED-6 (Invitrogen) were carried out as described 33 . Brightfield and PED-6 (green fluorescence) images were visualized using a SMZ1500 binocular microscope with a ×10 objective and were captured using a DSQi1Mc CCD camera controlled by NIS-Elements (version 3.0) software (Nikon), which was also used to measure gallbladder area. For immunostaining of zebrafish larvae, the larvae were oriented in optimal cutting temperature (OCT) embedding medium in shallow moulds, quickly frozen on dry ice and sectioned transversely at 18 µm. The sections were then immunostained using standard protocols as previously described 33 .
Keratin immunostaining of bile ducts was performed as follows: morpholinomediated knockdown of zebrafish vipar was performed as described above. At 5 d.p.f., the larvae were fixed in 4% paraformaldehyde (in PBS) on ice for 15 min and then for 75 min at room temperature (approximately 20 °C) with shaking. After fixation, the larvae were transferred stepwise (25%, 50% and 75% methanol in PBS) into 100% methanol and stored overnight at -20 °C. The next day, the larvae were transferred into PBS and had their livers dissected out using fine forceps and needles (BD Microlance 3). The livers were then permeabilized with 0.1% Triton X-100 in PBS for 15 min, blocked for 1 h in 2% BSA and incubated with mouse monoclonal cytokeratin 18 antibody for 1h at room temperature, followed by 1 h incubation with Alexa Fluor 488 secondary antibody conjugate. The whole livers were mounted on coverslips in Citifluor and imaged with an inverted Leica TCS SP2 using a ×40 oil immersion lens (N/A 1.25) and ×1.5 optical zoom. Optical sections (0.4 µm thick) were taken in the xy plane through 50 µm of material and were merged into maximum projection images.
Immunostaining of liver-biopsy specimens from individuals with ARC. Liver-biopsy specimens obtained for clinical purposes were fixed, sectioned, stained and immunostained as described 25, 26, 75 using monoclonal antibodies against MRP2 and polyclonal antibodies against BSEP, Ceacam5 and E-cadherin. Distributions of immunoreactivity were assessed, with all antigens apart from E-cadherin expected to be at the canalicular margins and E-cadherin expected at the hepatocyte and cholangiocyte lateral margins. Variations (such as cytoplasmic or basolateral expression or absence of the antigens) were particularly noted. Control sections of liver were evaluated in parallel. All studies were conducted toward diagnostic ends.
Tight junction and adherens junction experiments. mIMCD-3 cells treated with non-silencing shRNA and with shRNAs against Vipar and Vps33b were seeded onto Transwell supports. TER was measured every 24 h thereafter with an EVOM AC square wave current (± 20 mA, 12.5 Hz) resistance meter (World Precision Instruments). TER values for individual cultures were calculated by subtracting the values measured for filters without cells incubated in the same conditions 36 . These assays were performed as described 37 , with low-calcium medium (Spinner culture medium, Sigma-Aldrich) and dialyzed FBS (PAA Laboratories). One milligram per milliliter each of 4-kDa fluorescein isothiocyanate (FITC) dextran and 70-kDa rhodamine B dextran (Sigma-Aldrich) were dissolved in either low-calcium or normal medium and added to the apical chambers of Transwell supports. After 3 h, diffusion of each molecule to the basolateral compartment was assayed simultaneously using a Wallac Victor3 fluorometer (PerkinElmer). Wavelengths were 485 nm and 560 nm (excitation) and 535 nm and 620 nm (emission) for FITC and rhodamine B, respectively. Freeze-fracturing was performed after fixation (2 h) of control and transfected mIMCD-3 cells in 2.5% glutaraldehyde buffered with 0.1 M cacodylate (at pH 7.4). The cells were then scraped from the substrate and impregnated with 30% glycerol in cacodylate buffer for 30 min, shock-frozen in nitrogen slush, transferred into a Balzers BAF 400D freeze-fracturing device, fractured (~10 −6 mbar and -150 °C) and shadowed with platinum-carbon (2.5 nm, 45 °C) and carbon (25 nm, 90 °C). The replicas were cleaned in 13% sodium hypochlorite, washed several times in distilled water, mounted on pioloform-coated copper grids and observed in a Zeiss EM10 transmission electron microscope. Negatives were digitized and images were arranged in Adobe Photoshop 7.0. E-cadherin transcriptional regulation analysis. Quantitative real-time PCR (primer sequences available on request) was performed to quantify CDH1 mRNA as described 11 . CDH1 promoter activity was assessed using the human promoter as described 80 . The human E-cadherin promoter sequence (-301/+21) cloned into pGL3-basic luciferase reporter was a gift from F. Lock (University of Birmingham, Birmingham, UK). Firefly and Renilla luciferase activities were assayed 24 h post-transfection using the dual reporter assay kit Stop & Glo (Promega).
Intracellular trafficking experiments.
For VSVG-YFP and A-VSVG-CFP pulse chase experiments, cells grown in four-well Lab-Tek Chambered Coverglasses (Nunc) and infected with VSVG-YFP (basolaterally targeted) adenovirus were incubated overnight at 40 °C. Live cell imaging used a Zeiss 510 inverted confocal microscope with temperature-controlled stage (×20 oil immersion objective lens, fully open pinhole). Images were taken every minute. Experiments started 10 min after stage temperature was shifted to 32 °C. In addition, cells grown as above were infected with A-VSVG-CFP (apically targeted) adenovirus. After overnight incubation (40 °C), cells were incubated with cycloheximide (10 µg/ml; 3 h at 20 °C) to permit accumulation of A-VSVG-CFP in the Golgi apparatus. After the temperature was shifted to 32 °C (t = 0), the cells were assessed at t = 60 min and t = 3 h (×63 oil immersion objective lens; pinhole, 1 Airy unit). Series of optical sections were collected from the xy plane and merged into maximum projection images.
Newly synthesized E-cadherin trafficking. Cells were grown as above, transfected with E-cadherin-GFP and the Golgi-resident protein Gal-T-CFP, and incubated at 37 °C for 15 h. Images were captured as described above. A series of optical sections were collected from xy plane and merged into maximum projection images.
Statistical analysis. Student's two-tailed nonpaired t-tests and normal distribution two-tailed z-tests were carried out using pooled standard error and s.d. values to determine the statistical significance of differences between samples. The significance level was set at P < 0.05.
